The oxy-form of sickle hemoglobin (Hb S) is abnormally unstable and precipitates at a 10-fold faster rate than does oxyhemoglobin A (oxy-Hb A) during mechanical shaking. The apparent rate of precipitation of heterozygous hemolysate (AS) is approximately half that of oxy-Hb S. The deoxy-form of Hb S, on the other hand, is resistant to the mechanical treatment. This stabilization is attributed to the conformational change of hemoglobin rather than the lack of oxygen, because carbonmonoxide hemoglobin S, which is known to have conformational properties similar to those of oxy-Hb, is unstable even under anaerobic conditions. Methemoglobin S is most unstable, although addition of cyanide stabilizes the protein. The precipitation of oxy-Hb S is inhibited by ethanol and other organic solvents. The relationship of the mechanical instability of sickle oxyhemoglobin to intraerythrocytic denaturation and vaso-occlusive phenomena in sickle cell disease remains to be determined.
Sickle cell disease is due to an abnormal hemoglobin with valine substituted for glutamic acid at the sixth position of the ,-chains. Deoxygenation of erythrocytes results in polymerization of hemoglobin inside the erythrocyte, causing the sickling phenomenon.
During the measurement of oxygen equilibrium curves of hemoglobin S (Hb S), we made the serendipitous finding that the oxy-form of Hb S was abnormal in its ease of precipitation. Sickle cell oxyhemoglobin precipitated very quickly with mechanical treatment, including mixing, stirring or shaking (1) . This property of oxyhemoglobin S (oxy-Hb S) may have clinical importance because intraerythrocytic precipitation of hemoglobin would cause erythrocyte rigidity and contribute to stasis, increasing the likelihood of prolonged deoxygenation, sickling, and vaso-occlusion. The unusual property of precipitation of oxy-Hb S may be used as the basis of a simple clinical test for the detection of sickle cell hemoglobin in patients with sickling disorders (2) .
The present paper deals with detailed studies of the nature of the abnormal precipitation of oxy-Hb S in comparison with normal hemoglobin. 
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Sephadex G-25 and diluted to an appropriate concentration with the buffers indicated. The concentration of oxyhemoglobin was determined by the use of a millimolar extinction coefficient of .mM = 15 mM-1 cm-' at 578 nm. The total heme concentration was measured by a pyridine hemochromogen method with a millimolar extinction coefficient of emM = 34.4 mM'-cm-' at 556 nm.
Shaking Experiments.
(1) TCS-shaker (model 150, P. O. Box 141, Southampton, Pa. 18966). Two milliliters of hemoglobin solution (heme concentration, 50-100 MM) were placed in a 15 X 45-mm vial and were shaken with the TCS-shaker for various time intervals at constant temperature. After shaking, the vials were immediately centrifuged at 4000 X g for 5 min and the absorption spectra of the supernatant solutions were recorded between 700 and 480 nm.
(2) Vortex mixer (model K-500-4). Three milliliters of hemoglobin solution in a test tube (16 X 150 mm) were vigorously shaken with the Vortex mixer at the medium mixing position. After shaking, the solution was centrifuged at 4000 X g for 5 min. The percent of hemoglobin precipitated is measured by comparing the absorption at 578 nm before and after shaking. When Although Hb S precipitated very quickly during shaking vigorous enough to produce bubbling, precipitation also took place, although more slowly, when hemoglobin solution was simply stirred without formation of bubbles (compare Fig. 10 ).
The results obtained by two different shakers are compared in Fig. 4 . The rate of precipitation of oxy-Hb S was faster with the TCS-shaker because it shook more vigorously. In addition, the TCS-shaker provided reproducible results. The Vortex mixer provided less reproducible results unless the size and the position of the test tube were carefully selected. The rate of precipitation was also affected by the temperature change due to friction with the rubber holder of the Vortex mixer.
Absorption Spectra of the Precipitated Hemoglobin. In order to measure the absorption spectrum of precipitated hemoglobin, precipitates formed by means of mechanical treatment of oxy-Hb S and carbon monoxide-treated Hb S (CO-Hb S) were washed several times with 0.1 M Tris HCl buffer, pH 8.0, then resuspended in the same buffer and homogenized with a Potter homogenizer. The absorption spectra of the suspensions of precipitated hemoglobins were then measured with an Aminco DW-2 UV-VIS Spectrophotometer. The color of the precipitate obtained from oxy-Hb S was brown while that from CO-Hb S was red, suggesting that in the latter sample the hemoglobin was still in the CO-form. As shown in Fig. 5 , the precipitated hemoglobin from the oxyform showed a typical hemichrome spectrum while that from CO-Hb S still showed a spectrum of CO-bound hemoglobin. Thus, it is not necessary for the Hb oxy-Hb S is pH-dependent (1). Generally, the rate was faster in alkaline pHs than in acidic pHs (Fig. 6) . The precipitation was also affected by the type of buffer used. For example, oxy-Hb S precipitated very quickly in potassium phosphate solution adjusted to pH 9.0 with 0.1 M NaOH, whereas precipitation was minimal in 0.1 M Tris HCl buffer, pH 9 .0 (Fig. 6) . In contrast to the stabilizing effect of phosphate on the heat precipitation of hemoglobin (4), phosphate has a destabilizing effect on the mechanical denaturation of oxyhemoglobin at alkaline pHs.
The effects of various buffers with different pHs on the stability of normal and sickle cell hemoglobin are also compared in Fig. 6 . In 0.1 M Trist HCl buffer, oxy-Hb A was most labile at about pH 7 while oxy-Hb S precipitated more quickly at the higher pHs. If we assume that the precipitation rate reflects the protein conformation of dissolved hemoglobin, this result may suggest that the conformation of oxy-Hb A and oxy-Hb S in solution are different from each other under different buffer and pH conditions.
As to the buffer effect, both Hb A and Hb S precipitated at the fastest rate in potassium phosphate buffer, and at a somewhat slower rate in Tris * HCO buffer (Fig. 7) . The hemoglobin was relatively stable in [bis(2-hydroxyethyl)imino]-tris-[(hydroxymethyl)methane] (Bis-Tris) buffer or water adjusted to pH 8.0 with diluted NaOH. Stripped hemoglobin, however, was very unstable in water at pH 6.8 (Fig. 7) .
The effects of ionic strength on precipitation are compared in Table 1 in the presence of 1 M potassium chloride, although there were no significant changes at concentrations less than 100 mM KCl solution.
Effect of Temperature. The rate of precipitation of oxy-Hb S was temperature-dependent and was faster at higher temperatures. As shown in Fig. 8 , the precipitation rate of oxy-Hb S was as slow as that of normal hemoglobin at 50, whereas it was increased more than 10-fold by raising the temperature to 250. At 370, 50% of oxy-Hb S was precipitated in 1 min by shaking with the TCS-shaker.
Effect of Ligand on the Stability of Hemoglobin. The conformation of deoxyhemoglobin has been shown by x-ray crystallography to differ from those of the oxy-, CO-, and ferric derivatives of hemoglobin (5). The latter forms of hemoglobin have similar structures. On the other hand, heme spinlabel studies of dissolved hemoglobins have shown that the structures in the vicinity of the heme group differ in most of these hemoglobin derivatives in solution (6) . In order to Precipi tation (%/ 3min) compare the mechanical stability of these ferric and ferrous hemoglobin derivatives, the rates of precipitation of oxy-, CO-, met-, and cyanomethemoglobins were compared in 0.1 M Tris HCl buffer, pH 8 .0. As shown in Fig. 9 , the rate of precipitation of oxy-Hb S was similar to that of the CO-Hb S, while it was different from those of the other derivatives. Methemoglobin S, which precipitated most quickly, was partially stabilized by the addition of cyanide. These results provide further evidence that the conformations of these hemoglobin derivatives in solution differ from each other.
The comparison between the precipitation rate of CO-Hb S and that of the deoxyhemoglobin under anaerobic conditions further supports this assumption. Deoxyhemoglobin, which is known to have a different quaternary structure than oxy-and CO-hemoglobins (5), is very stable compared to the other types of derivatives (Fig. 9) . The difference is not simply due to the lack of oxygen, since the addition of carbon monoxide gas to deoxyhemoglobin accelerated the rate of precipitation. The change must be the reflection of their conformational differences. The presence of oxygen, although not essential, does influence the reaction since the rate of precipitation of CO-Hb S is further accelerated in the presence of oxygen.
Effect of Oxygen on the Precipitation of Hemoglobin S. The effect of oxygen on the mechanical denaturation of hemoglobin was further investigated by the direct measurement of the absorption change due to light-scattering of denatured hemoglobin under various oxygen concentrations (Fig. 10) . Two milliliters of hemoglobin solution in a spectrophotometric cuvette was stirred without forming bubbles by a small magnetic stirrer attached to the bottom of the cuvette.
A stream of argon gas was passed over the surface, so that oxy-Hb S was gradually deoxygenated. The fraction of oxyhemoglobin was calculated from the absorption difference between 578 and 560 nm as described in the experimental procedure. The absorption changes at 499 nm, an isosbestic point between oxy-and deoxyhemoglobins, may be used as a measure of light scattering. As shown in Fig. 10 , oxy-Hb S denatured also by simple stirring without formation of bubbles. The rate of precipitation, as measured by the absorbance change at 499 nm, was slowed slightly as oxygen concentration decreased even when hemoglobin was still highly oxygenated.
Effect of Ethanol and Methylethyl Ketone on the Mechanical
Denaturation of oxy-Hb S. It was found that the precipitation of oxy-Hb S due to mechanical shaking was almost completely inhibited by the addition of a small amount of ethanol or other organic solvents, including methylethyl ketone and ether. The concentrations at which the precipitation rates FIG. 9. Effect of ligand on the stability of Hb S. Methemoglobin (met-Hb) was obtained by the oxidation of oxy-Hb with potassium ferricyanide. The excess ferricyanide was removed by gel filtration with Sephadex G-25. Anaerobic experiments were carried out in an anaerobic cuvette by passing argon gas over the surface of hemoglobin solution. The samples in this cuvette were shaken for 2 min, centrifuged and measured without transferring them. All other samples were also shaken for 2 min.
were inhibited by 50%0 were about 100 mM for ethanol and 42 mM for methylethyl ketone. Similar concentrations of these compounds were also found to inhibit the gelation of deoxy-Hb as tested by the Murayama method (7) and sickling of erythrocytes. The mechanism of the preventive effect of various organic solvents on gelation and mechanical denaturation as well as the toxicity of these compounds remain to be investigated.
DISCUSSION
In contrast to the marked difference between the solubilities of deoxy-Hb S and deoxy-Hb A (8), oxy-Hb S is believed to have similar properties to oxy-Hb A. Recently, however, we have found that the oxy-form of Hb S is also abnormal. It is rapidly precipitated by mechanical shaking (1) .
Although the precise mechanism is not known, the precipitation of hemoglobin by mechanical shaking may be due at least in part to so-called surface denaturation. The hemoglobin molecule exposed to the gas-liquid interface may spread over the surface of bubbles, resulting in unfolding of the molecule. The rapid precipitation of oxy-Hb S may be due to rapid precipitation of the unfolded protein occurring rather than renaturation to the original conformation. In the case of deoxyhemoglobin, the protein does not precipitate rapidly, either because the molecule does not unfold over the surface or, if it unfolds, the unfolded protein renatures rapidly to the original conformation. In any case, such a surface denaturation has no physiological significance because there is no gas phase in erythrocytes. However, we found that oxy-Hb S denatured more rapidly than oxy-Hb A during stirring without formation of bubbles, although the rate of denaturation by this procedure was slower than that by shaking (Fig. 10) . Therefore, it is likely that the conformation of oxy-Hb S in solution is more unstable than that of normal hemoglobin.
Schneider et al. observed Heinz bodies (intraerythrocytic aggregations of denatured hemoglobin) in erythrocytes obtained from patients with sickle cell disease (9) . Since intraerythrocytic denaturation increases erythrocyte rigidity, the abnormal instability of oxy-Hb S may be of importance in the pathogenesis of vaso-occlusive crisis. Rigid erythrocytes may be impeded in their passage through smaller blood vessels. Decreased oxygen tension is more likely to occur with stasis, leading to sickling of cells containing deoxy-Hb S and occlusion of vessels. Further studies are needed to determine whether formation of inclusion bodies in cells from patients in sickle cell disease is related to the precipitation of oxy-Hb S shown in the present report.
It is very interesting to note that the rate of precipitation of oxy-Hb S is temperature-dependent. The rate was markedly accelerated at increasing temperatures from 0°to body temperature. Vaso-occlusive crises may occur when patients with sickle cell disease have high fever, despite the absence of anoxia or acidosis. Since the precipitation of oxy-Hb S is temperature-dependent, further studies of its occurrence in the red cell under varying conditions of temperature will be of great interest. Basu et al. studied the effect of pyrexiainduced fever on the lifespan of erythrocytes in sickle cell trait (10) . The results showed that the rate of destruction of sickle erythrocytes was increased by the higher temperature. Although pyrexia was assumed to increase the demand for oxygen and, therefore, the proportion of circulating sickled cells, it may also, or instead, accelerate the denaturation rate of oxy-Hb S inside red cells, resulting in increased rigidity of erythrocytes.
The shaking method can be used not only for the detection of Hb S but also for the semi-quantitation of Hb S in hemolysates. As shown in Fig. 2 , oxy-Hb S in heterozygous blood precipitates independently from coexisting Hb A. Therefore, one can calculate the fraction of Hb S either from the initial precipitation velocity or from the saturation points by an extrapolation technique (2, 3, 11). Since there is no interaction between different types of hemoglobin, Hb A and S in AS hemolysate probably exist independently and do not produce hybrid forms (aA aA/3A#3) (12) .
The instability of Hb S is not readily understandable from the location of the abnormal amino-acid site on the hemoglobin model as shown by x-ray crystallography (5). The atomic model of hemoglobin shows that the abnormal f3-6 site is located at the outside of the molecule without having any contact with other amino-acid residues in the same molecule. Interactions with other hemoglobin molecules are also probably not involved in the denaturation of oxy-Hb S, as the rate of precipitation is independent of hemoglobin concentration and it follows first-order reaction kinetics. The carboxylic-acid group of glutamic acid at the fl-6 position is not essential for the stability of hemoglobin because Hb C, which has lysine at the same position is as stable as normal hemoglobin. The change from the hydrophilic property of ionizable groups to the hydrophobic property of the valine group seems to be an important factor in the destabilization of the Hb S molecule.
The mechanical stability of hemoglobin is affected by the spin state of the heme iron as well as by the type of ligand bound to heme. The rates of precipitation of oxy-and carbonmonoxy-hemoglobins were similar, but they differed from those of met-and cyanomet-hemoglobins. Deoxyhemoglobin was extremely stable. These differences may be attributed to the conformational differences of these hemoglobin derivatives in solution. The conformation of these hemoglobins was shown recently to be different in the dissolved state by the heme spin-label method (6) . The shaking method may thus be used for the structural study of dissolved proteins under various conditions.
The mechanism of the protective effect of ethanol and other organic solvents on the mechanical denaturation of oxy-Hb S and the gelation of deoxy-Hb is not clear. Murayama reported the unsickling effect of propane, ethane and methane (13) . Klotz and Tam (14) speculated that ethanol might have some effect on gelation of hemoglobin S since it is effective in intervening in intermolecular bonding. The use of these or similar chemicals may be of help in treating or preventing sickle cell vaso-occlusive crises, although many in vitro and toxicity studies are necessary before conducting trials in patients with sickle cell disease.
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